Ubiquitin modification of many cellular proteins targets them for proteasomal degradation, but in addition can also serve non-proteolytic functions. Over the last years, a significant progress has been made in our understanding of how modification of the substrates of the ubiquitin system is regulated. However, little is known on how the ubiquitin system that is comprised of B1500 components is regulated. Here, we discuss how the biggest subfamily within the system, that of the E3 ubiquitin ligases that endow the system with its high specificity towards the numerous substrates, is regulated and in particular via self-regulation mediated by ubiquitin modification. Ligases can be targeted for degradation in a self-catalyzed manner, or through modification mediated by an external ligase(s). In addition, non-proteolytic functions of self-ubiquitination, for example activation of the ligase, of E3s are discussed. One of the major roles of the covalent modification of cellular proteins by ubiquitin is signaling them for proteasomal degradation (Figure 1 ). The first step of the modification is catalyzed by the ubiquitin-activating enzyme, E1, which generates a high-energy thiol ester intermediate that is subsequently transferred to the second enzyme, a ubiquitinconjugating enzyme, E2. The third step ascertains substrate specificity, and is catalyzed by one of the numerous (B650) ubiquitin ligases, E3s. Typically, it results in the formation of an isopeptide bond between the C-terminal Gly of ubiquitin and an e-NH 2 group of an internal Lys of the substrate. Less frequently, it can generate a linear peptide bond with the a-NH 2 group, a thiol ester bond with an internal Cys, or an ester bond with a Thr or Ser. The three-step cascade of reactions is repeated, where additional ubiquitin moieties are attached sequentially to one another in an isopeptide bond involving one of the seven internal Lys residues in the ubiquitin moiety, thus generating a polyubiquitin chain. Lys48-based chains serve as a signal for proteasomal degradation, whereas chains based on other internal Lys residues, or modification by single moiety(ies) can serve non-proteolytic functions.
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Ligases fall into two main families: RING (really interesting new gene) and HECT (homologous to the E6-AP carboxy terminus) domain-containing E3s. RING ligases serve as scaffolds that facilitate direct transfer of ubiquitin from the E2 to the target protein. HECT E3s contain an active Cys residue to which ubiquitin binds prior to its transfer to the substrate ( Figure 1 ). There are B600 RING finger and B30 HECT ligases in humans. Smaller families of ligases (U-box, plant homology domain, and zinc finger) have also been described.
An important problem relates to regulation of the ubiquitin system components, and in particular to that of the ligases that are the specific substrate-recognizing elements. 1, 2 Phosphorylation of an E3 can activate the protein, such as the case for CBL RING E3s, 3 and for the anaphase-promoting complex/cyclosome (APC/C), which assembles with its substrate receptor in a phosphorylation-dependent manner. 4 In contrast, phosphorylation of NEDD4-2 (neural precursor cell-expressed developmentally downregulated 4-2) inactivates it by preventing the binding to its substrate, ENaC (epithelial sodium channel). 5 In addition, other mechanisms of regulation exist, such as intermolecular and intramolecular interactions. Examples include p19/Arf (alternative reading frame) that binds to mouse double minute (Mdm2) and inhibits p53 conjugation, 6 and the polycomb group (PcG) protein BMI1 that stimulates the histone H2A ubiquitinating activity of RING1B. 7, 8 Another way in which E3 activity can be modulated is via modification by ubiquitin (see below) and ubiquitin-like proteins, such as NEDD8. Conjugation of NEDD8 to the Cullin subunit of a Cullin-RING ligase (CRL) complex results in a conformational change that facilitates transfer of ubiquitin from the RING-bound E2 to the substrate. 9, 10 A relatively unexplored area is how the degradation of the different ligases is regulated. E3s can be degraded by the proteasome via two main mechanisms -self-catalyzed ubiquitination and/or the activity of an exogenous ligase.
Degradation of Ligases via Self-catalyzed Ubiquitination
A typical feature of most ligases is the ability to catalyze their own ubiquitination. 11, 12 Although this feature is widely used to follow E3s activity, the detailed molecular mechanisms and functional consequences have remained largely elusive. In particular, it is not clear whether the reaction is intermolecular or intramolecular. For several ligases, including E6-AP (E6-associated protein), 13 and the RING ligase SIAH1 (seven in absentia 1), 14 intermolecular transfer of ubiquitin has been observed. Consistently, some self-ubiquitinating RING ligases such as SIAH1 and TRAF (TNF receptor-associated factor) 6, have been detected as homodimers, and dimerization was found to be essential for the self-ubiquitination of TRAF6. 14, 15 In other cases, self-ubiquitination could not be catalyzed in trans, implying that it is possibly an intramolecular event. This was described, for example, for the self-ubiquitination of the HECT ligase Rsp5, 12 and the F-box protein Grr1p. 16 Consistent with the concept of intramolecular modification, it appears that the self-ubiquitinating activity of ITCH and other HECT ligases like NEDD4-1, NEDD4-2, SMURF2, and WWP1, is regulated through intramolecular interactions that are modulated by modifications such as phosphorylation, and that involve the HECT domain. [17] [18] [19] In an attempt to decipher the biological role of self-ubiquitination, it was proposed that it serves to target the ligase for degradation, 11 which has been observed indeed as a means of negative feedback for Mdm2, 6, 20 E6-AP, 21 CBL ligases, 22 and the substrate receptor subunits of CRL complexes. 23 Self-ubiquitination can occur in substrateindependent 24 ( Figure 2a ) and -dependent modes 22 ( Figure 2b) . Also, binding to the substrate can protect the ligase from self-destruction 23 ( Figure 2c ).
Substrate-independent self-ubiquitination of Mdm2. Due to its role as a ligase for the tumor suppressor protein p53, Mdm2 is probably one of the most studied ubiquitin ligases. RING-dependent self-ubiquitination of Mdm2 has been observed in vitro and upon ectopic expression in cells. 6, 20 Self-ubiquitination of Mdm2 appears to be regulated in In the case of a RING ligase, the ubiquitin-charged E2 binds to the E3 and transfers the activated ubiquitin moiety directly to the substrate that is also bound to the E3 (aiii).
In the case of a HECT domain ligase, ubiquitin is transferred from the E2 to a Cys residue in the E3 (biii-a) and then to the substrate (biii-b). (iv and v) The conjugated substrate is degraded to short peptides by the 26S proteasome (iv) with release of free and reusable ubiquitin mediated by DUB(s) (v). Some of the ubiquitin is degraded in this process along with the substrate (iv) numerous ways that include DNA damage-induced phosphorylation, SUMOylation, and association with its partners, among them DAXX (death-associated protein 6), the Mdm2 homologue MdmX, and its inhibitor Arf. In addition, this modification can be reversed by deubiquitinating enzymes (DUBs) such as USP7. 25 Interestingly, selfubiquitination of Mdm2 appears to be independent of its activity towards p53 (Figure 2a) . A chimeric mutant of Mdm2 in which the RING domain was replaced with that of PRAJA1, lost its ability to ubiquitinate p53, but retained its selfubiquitinating activity. 20 In vitro, binding to MdmX changes Mdm2 substrate preference by increasing its activity towards p53, while reducing its self-ubiquitination. 24 It should be noted however that in embryonic fibroblasts derived from knock-in mice carrying a RING-inactivating mutation in Mdm2, no difference was observed in proteasome-dependent degradation rates of the mutant protein compared with that of the WT ligase. 26 In the same cells, however, overexpressed HDM2 did undergo proteasomal degradation, which was dependent on its own RING activity, suggesting that the mechanisms of Mdm2 degradation in cells are dependent on its level. It appears therefore that under physiological levels, Mdm2 is targeted for degradation by an external ligase. Consistently, it was recently reported that the histone acetyl transferase p300-CBP-associated factor ubiquitinates Mdm2, resulting in its proteasomal degradation. 27 At high levels of expression, however, Mdm2 directs its own ubiquitination and subsequent proteasomal degradation. One possible explanation for this concentration dependence is that self-ubiquitination of Mdm2 may occur in trans, which requires the generation of a large enough concentration of Mdm2 homodimers. It seems therefore that self-induced degradation of Mdm2 serves as a backup mechanism that occurs only when its level exceeds a certain threshold. It should be noted that these observations reveal an important caveat in the mechanistic analysis of self-ubiquitination of ligases, and should be taken into careful consideration when interpreting the functions and consequences of 'suicide' of E3s based on overexpression or in vitro reconstitution experiments.
Degradation of CBL ligases along with their substrates. In some cases, ligases have been reported to be degraded along with their substrates (Figure 2b proteins regulate a wide array of signal transduction pathways, many of which involve targeting of receptor and non-receptor tyrosine kinases (TKs). 22 Tyrosine phosphorylation of CBL proteins catalyzed by their TK substrates induces a conformational change, which results in activation of the ligase towards the substrate and itself. 3, 22 Activation of the CBL substrate epidermal growth factor receptor (EGF-R) leads to a rapid decrease in the level of the EGF-R concomitant with a decrease in c-CBL, CBL-b, and CBL-c. 22, 28 Similar decrease in CBL-b and c-CBL levels were observed after stimulation of the KIT receptor TK. 29 In both cases, the degradation of the receptor and the CBL ligase was dependent on the RING domain of the E3. However, the exact mechanism of degradation of the two proteins remains elusive, as it appears sensitive to inhibitors of both the proteasome and lysosomes. [28] [29] [30] Given the large number of substrates targeted by CBL proteins, a substrate-coupled activation and subsequent degradation of CBL proteins as observed for the EGF and KIT receptors, might serve to avoid undesired targeting of other substrates by the activated CBL, ensuring that the specificity of the signaling pathway is maintained. A similar relationship between the target substrate and self-ubiquitination has been observed for NEDD4 that undergoes more efficient ubiquitination in cells following co-expression of its substrate ENaC. Here, it was proposed that binding of ENaC to NEDD4 abolishes an autoinhibitory intramolecular interaction between the WW domains and a PY motif in the HECT domain of the ligase. 18 Not in all cases, CBL is targeted for degradation along with its substrate. For example, whereas ligand engagement of the colony stimulating factor receptor results in ubiquitination of c-CBL, this ubiquitination does not target it for degradation, but rather serves as a membrane targeting signal. 31 Thus, the susceptibility of CBL proteins to degradation along with their substrate appears to be substrate specific. Alternatively, the different fates of the CBL proteins can be determined by adaptor proteins that regulate CBL self-ubiquitination. ALIX associates with the EGF-R and the platelet-derived growth factor receptor (PDGF-R), and enhances the binding of CBL to the complex. In both cases, ALIX inhibits the ubiquitination of the receptor, and in the case of the EGF-R, also the ubiquitination of CBL. 32, 33 However, in the case of the PDGF-R, ALIX stimulates the phosphorylation and proteasomal degradation of c-CBL. 33 What causes these differential effects of ALIX is currently unknown, but it might be dependent on the composition of the complex or the nature of the stimulus.
Self-catalyzed ubiquitination of F-box proteins can be substrate inhibitable. Substrate specificity of CRL complexes is achieved through unique substrate receptor subunits (including F-box, SOCS/BC (suppressors of cytokine signaling/Elongin BC) box, DCAFs (DDB1-and Cul4-associated factors), or BTB (Bric-a-brac, Tramtrack, Broad complex) proteins), the large number of which allows these ligase complexes to recognize numerous substrates, and via their degradation, to have a function in the regulation of many basic cellular processes. 2, 23 Whereas the other subunits of CRL ligases, including the RING finger-containing component, that are shared by all the complexes are generally stable, several studies indicate that a subset of the unique substrate receptors are short lived, and are targeted to ubiquitination and proteasomal degradation. 23 Assembly of these substrate receptors to generate the intact complex is a prerequisite for their degradation. In the cases of the F-box proteins HOS (homologue of Slimb) and SKP2 (S-phase kinaseassociated protein 2), and in the case of CDH1 -a substrate receptor for the APC/C complex, which is not an F-box protein -their ubiquitination could be reconstituted in vitro using the purified complex. This finding suggests that their degradation is mediated via an 'autocatalytic' mechanism (mediated by the RING finger components). [34] [35] [36] [37] Interestingly, it was observed that the degradation of several F-box proteins is attenuated by their respective substrates. 16, 34, 36 It was recently uncovered that a WD40 repeat, which is present in a large subset of substrate receptors, can bind ubiquitin. This ubiquitin-binding property was required for self-ubiquitination and degradation of Cdc4 (cell division cycle 4). In addition, binding of a substrate or ubiquitin to Cdc4 are mutually exclusive, providing a possible mechanistic background for substrate-inhibited selfubiquitination of F-box proteins. 38 This type of regulation would ensure that sufficient levels of F-box proteins are maintained to target high level of substrates when they occur. However, after substrate concentration decreases, the F-box protein would become abundant, and should therefore be targeted for proteasomal destruction, while preserving the other components of the CRL complex. Such a mechanism would allow for a quick reassembly of the complex with different F-box proteins to adapt to changes in the desired specificity (Figure 2c ). In agreement with this mechanism, it has recently been shown, though indirectly, that the architecture of CRL complexes is more likely to be dependent on the abundance of substrate receptors, rather than post-translational modifications such as NEDDylation. 39 It should be noted, however, that such a mechanism for autocatalytic degradation does not exist for all substrate receptors of CRL complexes, as both the von Hippel Lindau (VHL) protein and the SOCS/BC protein SOCS-1 were shown to be stabilized following incorporation into the Elongin BC complex. 40, 41 However, a chimera of VHL with part of Cdc4 (including the WD40 repeat) was self-ubiquitinated and degraded in the context of the Elongin BC complex, indicating that their susceptibility to self-ubiquitination is a property of the substrate receptor itself rather than of the complex it is associated with. 40 
Ligases Targeting Ligases: Exogenous Ubiquitination
Whereas self-ubiquitination has been thought for long to target ligases for degradation, it turns out that many of them, even those that catalyze their own ubiquitination, are targeted in trans by exogenous ligases. However, one should bear in mind that the landscape may be more complex than a simple division between self-and in trans-targeted ligases. At times, physiological adaptations may be needed in which abrogated self-induced degradation of ligase 'X' is compensated by external ligase(s), or targeting by external ligases might occur only in response to specific stimuli (see for Mdm2 above). For other ligases it was described that self-ubiquitination does not lead to their degradation, but rather serves to regulate their activity (see below). It therefore appears that these ligases are obligatory and exclusively targeted for degradation in trans.
Degradation of E3 ligases mediated exclusively by external ligase(s) in trans. This group logically comprises of ligases incapable of self-destruction. One such ligase is the PcG protein RING1B. Employing cell free reconstituted systems, and expression experiments in cells, E6-AP was recently identified as a ligase that regulates the ubiquitination and proteasomal degradation of RING1B. Further corroborating these findings, it was shown that Ring1B levels were elevated in tissues of E6-AP-deficient mice. 42 Notably, Ring1B levels appeared to be differentially regulated in the brain of these mice: elevated levels were observed in cerebellar Purkinje cells, but not in other brain cell types, suggesting that RING1B can be also targeted by other ligase(s). Importantly, RING1B catalyzes its own ubiquitination, but this modification generates Lys6-, Lys27-, and Lys48-based mixed and multiply branched chains that do not target the protein for degradation. Rather, they stimulate its activity as a monoubiquitinating ligase of histone H2A (Figure 3) .
In another case, the Drosophila melanogaster inhibitor of apoptosis 1 (Diap1) has been shown to undergo proteasomal degradation mediated by an external ligase, Diap2. 43 This targeting of one IAP by another appears to be conserved in humans as well: XIAP was shown to be targeted for degradation by cIAP1. 44 An additional mechanism of degradation of Diap1 is provided by caspase-catalyzed processing followed by the proteasomal degradation of the C-terminally released fragment by the N-end rule pathway. 43, 45 Degradation of E3 ligases both through self-targeting and through external ligase(s). For several ligases that mediate their own degradation, it has also been shown that they can be targeted by alternative mechanisms involving external ligases. These include the aforementioned Mdm2, and also GP78, a RING finger ligase implicated in Figure 3 Schematic representation of RING1B regulation by self-ubiquitination and ubiquitination by an exogenous ligase. RING1B is target to ubiquitination by E6-AP, and/or other E3 ligase(s), generating Lys48-based ubiquitin chains that target RING1B for proteasomal degradation. Self-ubiquitination of RING1B results in the formation of Lys6-, Lys27-, and Lys48-based mixed and multiply branched ubiquitin chains that activate it as a ligase for histone H2A. The balance between these two types of ubiquitination is regulated in several ways. (i) Since the activating and degrading forms of ubiquitination target the same lysine residues in RING1B, the two modifications are mutually exclusive.
K48-based chains
(ii) The PRC1 subunit BMI1 inhibits both types of ubiquitination. (iii) The DUB USP7 reverses both self-and E6-AP-mediated ubiquitination of RING1B, thereby returning it to its native state, potentially allowing the balance between the types of ubiquitination to be shifted. (iv) BMI1 stimulates ubiquitination of H2A by RING1B
ER-associated degradation of misfolded proteins. GP78 is capable of directing its own degradation, 46 and in addition is also targeted for proteasomal degradation by HRD1. 47, 48 CBL proteins also appear to be regulated by other ligases in trans. The HECT E3 ligases NEDD4 and ITCH bind to CBL proteins, and it was reported that ITCH stimulates EGF-R signaling. 49, 50 It was shown that NEDD4 directly ubiquitinates CBL-b in vitro, and that both NEDD4 and ITCH stimulate the degradation of CBL-b and c-CBL. 50 CBL-b degradation by NEDD4 appears to be induced by T-cell activation: co-stimulation of resting T cells by CD3 and CD28 results in a rapid degradation CBL-b, which is dependent on NEDD4. 51 Loss of CBL-b following T-cell activation was shown to be mediated by CD28-induced phosphorylation of CBL-b by PKC-y, providing a possible mechanism that targets CBL-b for ubiquitination by NEDD4. 52 The CRL complexes SCF (SKP1-Cullin1-F-box) and APC/C have critical roles in cell-cycle control by providing timely degradation of key regulatory proteins. The activities of SCFs and APC/C are regulated in distinct manners, either by phosphorylation of the substrates that modulates their binding to the respective ligases, or by regulatory feedback between the SCF and APC/C ligases themselves (Figure 4 ). Two components of the SCF SKP2 complex, the F-box protein SKP2 and its essential cofactor CKS1 (cyclin-dependent kinases regulatory subunit 1), are required for entry and sustainment of the S phase. Both SKP2 and CKS1 are targeted by APC/C CDH1 , preventing transition from G 0 /G 1 to S phase. 53, 54 In turn, it was shown that the APC/C substrate receptor CDH1 is degraded in an SCF-dependent manner during S phase, whereas, during G 0 /G 1 phase, it mediates its own degradation catalyzed by the APC/C of which it is a component. 37, 55 During the G 1 phase, APC/C also mediates the degradation of TOME-1 (trigger of mitotic entry-1), an F-box protein required for mitotic entry through the activation of CDK1/Cyclin B. 56 During the spindle-associated checkpoint in early M phase, the APC/C substrate receptor CDC20 undergoes degradation, which is thought to be self-catalyzed within the APC/C. 57 CDC20 is also targeted to ubiquitination and degradation by APC/C CDH1 , which most likely takes place during the G 1 phase as that is when APC/C CDH1 is active. 58 Mitotic progression is characterized by APC/C-dependent degradation of Cyclin B. During the S and G 2 phases, the F-box protein EMI1 inhibits the activity of APC/C, preventing premature degradation of Cyclin B. Phosphorylation-induced degradation of EMI1 by SCF b-TRCP results in the timely activation of APC/C, allowing the cell to progress though the M phase. 59, 60 It is interesting to note that regulation of CRLs by external ligases aims exclusively at the substrate receptor in order to avoid unnecessary loss of the entire complex, and to allow rapid adaptation to the degradation of different substrates targeted by distinct receptors that share common basic complex components.
Hierarchical organization of the degradation of E3 ligases. Based on these examples, several hierarchical organizations of degradation of E3s may exist ( Figure 5 ). E3s can either induce their own degradation through self-ubiquitination or their degradation can be mediated by external ligases in trans. The latter can occur through a linear model, in which an E3 targets one, or several other ligases, and in turn is targeted itself by self-ubiquitination (or another proteolytic machinery, e.g., the lysosome). Alternatively, ligases can target one another in a circular manner, as exemplified by SCF and APC/C complexes that target each other in an oscillating manner parallel to the cell cycle targets several F-box substrate receptors of SCF complexes, including SKP2 and TOME-1, and the SKP2 cofactor CKS1. In addition, CDC20 is also targeted to ubiquitination and degradation by APC/C CDH1 . While CDH1 is subject to self-ubiquitination during G 0 and G 1 phases within the context of the APC/C complex (ii), the degradation of the free released phosphorylated form is mediated by an SCF complex during S phase (iii). (iv) During S and G 2 phases, APC/C CDC20 is inhibited by the F-box protein EMI1 (iv-a); however, in the M phase, EMI1 is targeted for destruction by SCF b-TRCP alleviating the inhibition of APC/C CDC20 (iv-b). (v) CDC20 is targeted in a self-catalytic manner during the spindle-associated checkpoint (see above). Some E3s, such as Mdm2, RING1B, Diap1, and CBL proteins are regulated through multiple proteolytic pathways, highlighting an extensive regulation of the ubiquitin system itself (see above).
Non-proteolytic Functions of Self-ubiquitination of E3s
Self-ubiquitination of E3 ligases has also been implicated in regulating the ligases' activity and the recruitment of substrates. RING1B-mediated monoubiquitination of histone H2A is a hallmark of PcG-mediated gene silencing, a process that is critical, for example, for the maintenance of stem cells. The activity of RING1B towards H2A is significantly increased once assembled into the polycomb repressive complex 1 (PRC1), and appears to be particularly enhanced by the RING domain-containing protein BMI1. 8 A prerequisite for the ability of RING1B to ubiquitinate H2A is its self-ubiquitination, resulting in the generation of Lys6-, Lys27-, and Lys48-based, mixed, and multiply branched ubiquitin chains 7 ( Figure 3 ): addition of Lys0 ubiquitin (that cannot polymerize as it does not have any internal lysine residues), cannot support monoubiquitination of H2A, though this modification requires one single ubiquitin moiety. The exact mechanism through which RING1B self-ubiquitination activates it as a ligase for H2A has not been elucidated. The mechanism through which BMI1 stimulates H2A ubiquitination remains elusive as well, as it was also shown to attenuate self-ubiquitination of RING1B. 7 A possible explanation for this apparent discrepancy can be that BMI1 functions to regulate the self-ubiquitination chain length or architecture, or the timing between self-ubiquitination and ubiquitination of H2A, as it appears that the two reactions must occur concomitantly. 7 Both the activating self-ubiquitination and the degrading ubiquitination by E6-AP target the same lysine residues in RING1B, and are therefore mutually exclusive, suggesting that controlling the ubiquitination state of RING1B is critical in regulating polycomb-mediated gene silencing (Figure 3) . Upstream of RING1B ubiquitination, BMI1 inhibits E6-AP-mediated ubiquitination and degradation of RING1B, while stimulating RING1B-mediated ubiquitination of H2A. 7, 8, 42 In analogy to self-activation of RING1B, BRCA1 (breast cancer 1) is subject to self-ubiquitination generating Lys6-based chains, resulting in an increased potential to ubiquitinate histones in vitro. 11, 61, 62 The activity of BRCA1 appears also to be regulated through binding to a RING domain-containing protein, BARD1 (BRCA1-associated RING domain 1) that, like BMI1, does not appear to have a ubiquitin ligating activity. It appears that BARD1 enhances the self-ubiquitinating activity of BRCA1. 63 In contrast to the above-mentioned two examples, self-ubiquitination of Diap1 appears to negatively regulate its activity. Diap1 was shown to modify itself with Lys63-based polyubiquitin chains, which attenuate its ability to ubiquitinate its substrate Dronc in vitro. Strikingly, Diap1's activity was not inhibited when subjected to ubiquitination with Lys0 ubiquitin. It therefore seems that long polyubiquitin chains are required for this effect, suggesting that it may result from steric hindrance preventing binding to, or efficient conjugation of the substrate. 43 Self-ubiquitination can also serve as a mechanism to recruit substrates with ubiquitin-binding properties, as has been shown for TRAF6 and NEDD4. TRAFs are RING domaincontaining E3 ligases that have crucial roles in the initial activation of several signaling cascades including the NF-kB, JNK, and p38 kinase pathways. TRAF6 ubiquitinates itself following receptor stimulation by IL-1b, generating Lys63-based polyubiquitin chains. 64 Dimerization of TRAF6 (through its C-terminus or N-terminal RING domain) is essential and sufficient to induce its own ubiquitination and subsequent activation of the JNK and NF-kB signaling pathways. 15, 64, 65 The self-generated Lys63-based ubiquitin chains appear to function as recruitment adaptors to attract other substrates to TRAF6. TAB2 (TAK1-binding protein 2) binds specifically to Lys63-linked ubiquitin chains, which might serve to recruit TAB2 to the self-ubiquitinated TRAF6. In turn, TAB2 recruits the TAK1 (TGF-b activated kinase 1)/TAB1 (TAK1-binding protein 1) kinase complex, which is subsequently activated by a mechanism that could involve ubiquitination of TAK1 by TRAF6. [66] [67] [68] Alternatively, TAK1 might be activated by autophosphorylation induced by binding of TAB2 to free Lys63-linked ubiquitin chains synthesized by TRAF6. 69 NEMO (NF-kB essential modulator), through similar Lys63-linked ubiquitin chain binding properties, might also be recruited to TRAF6, resulting in its ubiquitination. 70, 71 Another example for self-ubiquitination-dependent recruitment of substrates was reported for NEDD4: its self-catalyzed monoubiquitination serves to recruit EPS15, which is subsequently also monoubiquitinated by NEDD4. 72 The function of monoubiquitination of EPS15 still remains an enigma, but it might have an inhibitory role in the function of EPS15 to facilitate clathrin-mediated endocytosis of transmembrane proteins. 73 
Regulation of E3s by Deubiquitination
The ubiquitin mark can be removed through the action of DUBs, a class of isopeptidases that specifically cleave ubiquitin linkages, allowing for fine-tuning, or reversal of the modification. Mdm2 can be stabilized through deubiquitination by USP7, a DUB that in addition also targets, and thereby protects, p53. 74 The physiological significance of these, apparently opposing activities, is still not clear. USP2a, however, was shown to specifically deubiquitinate Mdm2, but not p53, thereby stimulating the degradation of p53. 74 Other E3 ligases were shown to be targeted by USP7 including ICP0, MARCH7, and RING1B. [74] [75] [76] USP7 removes both self-and E6-AP-generated ubiquitin chains from RING1B, thereby regulating its stability (Figure 3) . 75 Therefore, it is not surprising that USP7 was also shown to exert a regulatory effect on the expression of polycomb target genes. 77 Activation of the NF-kB pathway trough ligand-induced oligomerization and self-ubiquitination of TRAF6 is regulated through the actions of ubiquitin linkage-specific DUBs. CYLD, a DUB mutated in familial cylindromatosis, was shown to specifically target Lys63-based ubiquitin chains on TRAF2 and TRAF6, and consequently has an inhibitory effect on the NF-kB pathway. 78 In addition, TRAF6 might also be regulated by A20, another Lys63-linked ubiquitin chain-specific DUB that was shown to deubiquitinate TRAF6, among other substrates in the NF-kB pathway. 79 Importantly, A20 was found to be a double function enzyme -a DUB and a ligase. Following deubiquitination of Lys63-based polyubiquitin chains, it generates on RIP (receptor interacting protein) Lys48-based chains, thus rendering it susceptible to degradation. 80 Since the DUB activity of CYLD and A20 appears to be essential, though they both target the same type of chains in the NF-kB pathway, it is possible that they act in different cells and follow different stimuli.
Translational Implications of the Mechanisms that Underlie Degradation of Ligases
Although the versatility and complexity of the ubiquitinproteasome system in health and disease is well established and our knowledge on its invovlement in pathogenetic mechanisms still grows exponentially, a detailed atlas of its broad landscape is still missing. First, we need to unravel the dynamic ubiquitome -the part of the proteome that undergoes ubiquitination for both proteolytic and non-proteolytic functions under different pathophysiological conditions and along time. We shall then need to identify the different ubiquitin ligases that target these proteins and unravel their recognition motifs. Related to the enigma of specific recognition, it will be necessary to investigate the regulation of modification of the different substrates -what renders them resistant or susceptible to ubiquitination at certain time points and under different conditions. Last, it will be necessary to decipher the mechanisms that underlie the regulation and turnover of the different components of the system itself, including the ligases. Currently, we have at hand only small and rather random pieces of this cumbersome chart, and for only a few of the B650 E3 ligases and the thousands substrates. However, even with this partial map, one can recognize a number of basic principals through which the degradation of ligases is regulated (Figures 2 and 5 ). Using such insights, one can design small molecule inhibitors that will prevent destructive autoubiquitination without affecting modification of exogenous substrates. Such inhibitors can increase the level of the respective ligases, consequently making them more effective towards their substrates. This can be useful, for example, in the case of pro-inflammatory (e.g., NF-kB) or oncogenic (e.g., Myc) substrates that are targeted by known components of the UPS. With respect to targeting of ligases by upperstream ligases, it is possible that in the future we shall discover regulating hubs, for example a ligase that controls several ligases with common general function, such as regulation of a signaling pathway. Inhibition of such a ligase will allow to control the entire pathway, which should be more efficient than targeting it at a single point. Once the entire map will be unraveled, the potential of this approach will grow dramatically.
